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History of uranium alloy selection in Fast Burst Reactors 
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Unalloyed uranium has three allotropes 
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Fig. 1. The phase diagram of uranium. 

signals were recorded for all transformations, 
in fact, the transformation temperatures could 
be determined by noting the thermal arrests 
on records of the specimen temperature. A 
comparison of the present results with the data 
of Klement et ~~1.8) shows reasonably good 
agreement with only minor discrepancies, 
perhaps due to differences in impurities of the 
materials used in the two investigations. 

There were no indications that the boron 
nitride progressively contaminated the uranium, 
as was reported previously 8). Different’ial ther- 
mal analysis at a low pressure after several 
treatments at high pressures reproduced, within 
the experimental accuracy, the data of the first 
cycle at low pressure. Metallographic examina- 
tion supported this contention, since the 
samples did not show any evidence of reaction 
with the boron nitride containers. 

Each of the phase transformations displayed 
significant temperature hysteresis, i.e. difference 
in temperature of the transformation upon 
heating and cooling at rates of 5’ K/set. Fig. 2 
shows that the hysteresis for the a z/l trans- 
formation was a function of pressure. An extra- 
polation of Blumenthal’s zero-pressure data 13) 
to a rate of 5” K/see showed fair agreement 
with the present results. The /? q? y and cx z y 
transformations had hysteresis of 10” K and 
5” K, respectively, with an apparent small 

pressure dependence of the hysteresis for the 

b zz y transformation. These results indicate 
that externally applied pressure has a significant 
effect upon the kinetics of the !x e/l trans- 
formation, a possible effect in the case of the 
B Z? y, and no apparent effect to the iy 8 y 
transformation. 

3.2. MICROSTRUCTURES 

Metallographic studies were made on samples 
cooled at various rates through the phase 
transformations while subjected to 25 and 40 
kbar pressure, i.e. y +g+ 3 and y +a, 
respect’ively. The effects of these treatments are 
illustrated by the series of photomicrographs 
shown in fig. 3. Decreasing the rate of cooling 
at a given pressure increased the size of the 
alpha grains, in agreement with the results of 
a similar study at atmospheric pressure 1). 
For a given cooling rate, the grains in the sample 
tested at 40 kbar were larger than the grains 
in the sample treated at 25 kbar, probably 
because the latter went through two phase 
transformations as opposed to one for the 
former, and because the temperatures of the 
transformat8ions were approximately 1090” and 
1035” K, respectively. The largest grains were 
obtained in the sample cooled at a rate of 
1” K/min at 40 kbar pressure (sample F) ; one 
grain occupied approximat’ely one-third of a 
longitudinal surface and a second grain occupied 
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and a oft y t’ransformations in uranium. 

Murnaghan equation of state16 to fit the data with B
⌅135.5 GPa and B8⌅3.8 for ⌃-U and B⌅113.3 GPa and
B8⌅3.4 for ⌅-U. The data for ⌃-U are in agreement with
those reported previously.7 Note that ⌅-U has a softer ⇤20%⇧
bulk modulus and we shall see the importance of this in
stabilizing this phase at higher temperatures.
The melting temperatures of uranium have been extended

to 100 GPa from our previous results,12 as shown in Fig. 5.
The melting temperatures of these and previous studies have
been determined primarily by visual observation ⇤open
circles⇧, but at several pressures by in situ x-ray diffraction
⇤solid circles⇧. Both sets of data agree within the uncertainty
of measurements. The crystal structure of uranium as deter-
mined by in situ x-ray diffraction is also illustrated for ⌅-U
⇤solid squares⇧, but not for the ⌃ phase for simplicity. The
⌃/⌅ phase boundary is drawn below the stability field of ⌅-U
and is constrained at the transition temperature of the ⌃
phase, 940 K, at ambient pressure. This interpolation results
in a relatively strong curvature of the ⌃/⌅-phase boundary at

low pressures, which is consistent with a strong pressure
dependence in the transition volume change ⇤Fig. 3⇧. Note
that the slope of the ⌃/⌅-phase line becomes diminishingly
small above 70–80 GPa and the ⌅ phase occupies a large
stability field at high pressures and temperatures. The stabil-
ity field of �⇤bct⇧-U below 3 GPa is also reproduced from the
previous measurements.11
First-principles treatment of actinides at high tempera-

tures is rather challenging; whereas, ab initio full potential
electronic structure calculations2 of the bcc structure at low
temperature result in rather poor descriptions of B
⌅180 GPa, B8⌅4.2, a smaller equilibrium volume than
⌃-U, and a negative tetragonal shear constant C8 at 100 GPa.
Hence, our zero-temperature theory fails to describe ⌅-U at
high temperatures, although it describes ⌃-U rather well. In
order to clarify the occurrence of the bcc phase at high tem-
peratures, we made a series of free-energy calculations using
Debye-Grüneisen quasiharmonic theory.6 In these calcula-
tions, we also include temperature dependence of the elec-
tronic structure and calculate the Helmholz free energy as

F⇤V ,T ⇧⌅Eel⇤V ,T ⇧⇤Eph⇤V ,T ⇧⇥T⌥Sph⇤V ,T ⇧⇤Sel⇤V ,T ⇧⇥ .
⇤1⇧

Here all terms depend upon volume and temperature and the
electronic contributions Eel(V ,T) and Sel(V ,T) were ob-
tained from our first-principles calculations where Eel is the
total energy calculated with a temperature broadening
⇤Fermi-Dirac distribution⇧ of the density of states and Sel the
electronic entropy as obtained from Landau and Lifshitz.17
The other terms are described in detail elsewhere.8,18 We
calculated the Helmholtz free energy, using Eq. ⇤1⇧, for ⌃-U
and ⌅-U; at zero temperature the difference in free energy is
to be about 10 mRy but at 3000 K the free-energy difference
has decreased to about half of this value. Most of this low-
ering of the bcc energy was due to the electronic contribu-
tions. The other terms in the free energy showed a very simi-
lar temperature dependence for the two phases. Their Debye
temperatures at room temperature were very close ⇤⌅-U: 270
K and ⌃-U: 280 K⇧ and so were their thermal expansion
coefficients ⇤⌅-U: ⌃v⌅24.6�10⇥6 K⇥1 and ⌃-U: ⌃v⌅26.8
�10⇥6 K⇥1⇧. In the Debye-Grüneisen quasiharmonic theory
the Debye temperature is obtained directly from the bulk
modulus and consequently this property is of essential im-
portance for calculating the free energy in this model. There-
fore, in a model calculation, we replaced the computed bulk
modulus for bcc U with the experimental value, without
changing any other parameters from our first-principles cal-
culation. At room temperature we now instead obtained the
Debye temperature 229 K and thermal expansion coefficient
⌃v⌅39�10⇥6 K⇥1. More importantly, at 2500 K the free
energy of this model phase became lower than that of ⌃-U,
indicating a possibility for this phase to be stabilized at
higher temperatures.
We consider the localization effects of 5 f electrons to

explain the high-temperature behavior of ⌅-U, similar to the
case of �-Pu.19 A complete localization is rather straightfor-
ward to simulate in a calculation by forcing the 5 f electrons
to fill core states of the U atoms. This however results in a
too large equilibrium volume with a too low bulk modulus
and pressure derivative ⇤B⌅50 GPa and B8⌅1.4⇧. Clearly, a
full localization of the 5 f electrons does not reproduce ex-

FIG. 4. Volume compression data of ⌅- ⇤solid circles⇧ and ⌃-U
⇤open circles⇧ and the fits to a temperature-independent Birch-
Murnaghan equation of state. The fits result in B⌅135.5 GPa and
B8⌅3.79 for ⌃-U and B⌅113.3 GPa and B8⌅3.37 for ⌅-U.

FIG. 5. Phase diagram of uranium to 100 GPa. Open and solid
circles, respectively, indicate the melting temperatures determined
by visible observation and x-ray diffraction. The solid squares rep-
resent the P ,T conditions at which ⌅⇤bcc⇧-U was in situ observed.
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depending on the purity of UF4. If 98% UF4 is used, the yield may be 97% pure
metal, which corresponds to 140 kg of uranium for the reaction size given above.

A direct ingot (dingot) method has been applied to charges of uranium up to
1540 kg of metal (47). The liquid uranium generated in the reduction collects as a
pool in the bottom of the bomb and solidifies to an ingot with a diameter of about
25 cm and a height of 25 cm. Dingot metal is of high quality and can be fed
directly to a milling machine or to an extrusion press without intermediate
recasting. Magnesium is used as the reductant around 19008C.

A unique problem arises when reducing the fissile isotope 235U. The amount
of 235U that can be reduced is limited by its critical mass. In these cases, where
the charge must be kept relatively small, calcium becomes the preferred reduc-
tant and iodine is often used as a reaction booster. This method was introduced
by Baker et al. in 1946 (57). Researchers at Los Alamos National Laboratory
have introduced a laser-initiated modification to this reduction process that
offers several advantages (58). A carbon dioxide laser is used to initiate the reac-
tion between UF4 and calcium metal. This new method does not require induc-
tion heating in a closed bomb, nor does it use iodine as a booster. This promising
technology has been demonstrated on a 200-g scale.

7.2. Properties. Uranium metal is a dense, bright silvery, ductile, and
malleable metal. Uranium is highly electropositive, resembling magnesium,
and tarnishes rapidly on exposure to air. Even a polished surface becomes coated
with a dark-colored oxide/nitride layer in a very short time upon exposure to air.
At elevated temperatures, uranium metal reacts with most common metals and
refractories. Finely divided uranium reacts, even at room temperature, with all
components of the atmosphere except the noble gases. The silvery luster of
freshly cleaned uranium metal is rapidly converted first to a golden yellow and
then to a black oxide/nitride film within three to four days. Powdered uranium is
usually pyrophoric, an important safety consideration in the machining of ura-
nium parts. Thorough reviews are available on the solid state (59), thermody-
namic (60), and corrosion properties (32,61).

Uranium metal exhibits three crystalline forms before finally melting
at (1134.8 ! 2.0)8C (Fig. 5). The transformation temperatures, enthalpies,

Fig. 5. Crystal structures of elemental uranium. The orthorhombic a-uranium structure
consists of puckered layers within the ac plane with U–U distances of 2.80(5) Å within the
layers and 3.26 Å between layers. The unusual tetragonal b-uranium structure has 30
atoms in the unit cell, whereas the g-uranium structure is a more common body-centered
cubic.
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One component (i.e., 
pure element, not alloy) 
phase transformations 
between allotropes takes 
place ~10-7 to 10-12 sec 
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Thermal cycling in unalloyed uranium results in 
permanent plastic deformation 
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Anisotropy of thermal expansion in alpha uranium 
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Thermal “ratcheting” 
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Mo alloying additions can decrease effects of thermal 
cycling 
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U-10Mo provides for a very meta-stable phase 

Slide 8 

Phase Diagram 
(thermodynamic 
equilibrium diagram) 

Time-Temperature 
Transformation Diagram 
(kinetics diagram) 

(absence of 
 martensite) 

SPR-II 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-16-21556 

Mo additions influence time to transform 
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SPR III was operationally kept 
below 300C. 
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U-1.5Mo is very different from U-10Mo 
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Low Mo alloys are not able to retain high temperature 
phase(s) upon quenching 
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FIGURE 38 Martensite (strained orthorhombic, α’) is the metastable phase 
Orthorhomibic (α) plus U2Mo (ε) are equilibrium phases 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-16-21556 

U-Mo alloy development at LANL in early 1950’s 

n  Alloys: 
•  U-0.56 Mo 
•  U-1.12 Mo 
•  U-1.67 Mo 
•  U-2.18 Mo 

n  Heat Treatment Temperatures 
•  300°C 
•  400°C 
•  450°C 
•  500°C 

n  Heat Treatment Times 
•  One minute to 24 hours 
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(example: 500C) 
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Precipitation hardening of U-1.67Mo 
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Summary of historical fast burst reactor metallurgy: 
Influence of uranium microstructure on performance 
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Design considerations for a burst reactor 

n  High fissile atom density 
(favors metals, low-
composition alloys) 

n  Oxidation resistance 

n  “Strong” (high yield point) 

n  “Tough” (some ductility) 
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n  Tools for the 
metallurgist 
•  Alloying 
•  Mechanical working 
•  Heat treatment 
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How would one hypothetically design a Pu burst reactor? 
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Pu mechanical properties depend greatly on phase 
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Stress-strain data for U, U-Mo, Pu 

Slide 17 

As-cast α U 

Low-purity α Pu  
U-10Mo γ heat treatment 

Cast/rolled α U 

High-purity α Pu, 
Low strain rate  

High-purity α Pu, 
Moderate strain 
rate  



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-16-21556 

U-Mo and Pu-Mo phase diagrams 
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Pu-Al phase diagram 
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Pu-Hf and Pu-Sc phase diagrams 
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Pu-U phase diagram 
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Pu-U phase diagram 
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Summary 
 

n  U-Mo systems have demonstrated superior performance in fast burst 
reactor applications 

n  Godiva U (U-1.5Mo) has proven especially robust 

n  Far less data exists for Pu systems 
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Strength variation with alloy content and temperature 

Slide 24 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-16-21556 

Postulated TTT diagram for U-1.67 Mo 
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Strength variation with alloy content and temperature 
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